ABSTRACT: Seven tetra-coordinate organoboron fluorophores with hetero-biaryl N,O or N,N chelate ligands were prepared and photophysically characterized. The electronic variation of the heteroaromatic moiety provided a means for the fine-tuning of the UV/vis-absorption and emission spectra. In the most interesting cases the spectra were re-shifted to maximum absorbance at wavelengths above 500 nm and emission maxima between 620 and 660 nm. The pronounced intramolecular charge-transfer character of the dyes yielded large Stokes shifts (3400-5100 cm -1 ), while maintaining appreciable fluorescence quantum yields of up to 0.2 for emission maxima at above 600 nm. The lipophilic character of the dyes enabled their application as stains of vesicle substructures in confocal fluorescence microscopy imaging.
INTRODUCTION
The molecular design of fluorescent organoboron architectures has received renewed impulse from their demonstrated utility in optoelectronic applications, [1] [2] [3] as sensors and switches, [4] [5] [6] [7] or in bioimaging. [8] [9] [10] Especially tetracoordinate boron(III) compounds with bidentate chelating ligands have been in the focus of these efforts. [11] [12] [13] The coordinative saturation of the boron center confers increased chemical stability and rigidity, often accompanied by significantly high fluorescence quantum yields. Par excellence examples for boron(III) dyes with widespread application in chemical biology and sensing are Bodipy dyes. 4, 8, [14] [15] [16] [17] [18] [19] The fluorescence emission of these compounds can be fine-tuned by manipulation of the substitution pattern, extension of the π-conjugate system, or heteroatom substitution in the chromophore skeleton, among other strategies. 20 Examples for such designs are electrondonor-substituted styryl Bodipy dyes 21 and aza-Bodipy dyes. [22] [23] [24] Modifications of the chromophore skeleton also have been proven to lead to pronounced red shifts of the emission in the case of xanthene dyes, leading for example to sila-or carbo-derivatives of fluoresceins or rhodamines. [25] [26] [27] The extension of the π-conjugation of the chromophore, such as in naphthofluoresceins 28 or cyanine dyes, 29, 30 is an often applied recipe for achieving emission in the red or even near-infrared (NIR) spectral region. 9 Fluorophores with red-shifted absorption and emission spectra are of particular interest in bioimaging, because problems of the penetration depth of excitation light and re-absorption of emitted light by the biological tissue are widely avoided. In a recent work we have demonstrated the usefulness of arylisoquinoline-derived N,C ligands for the design of highly fluorescent compounds with applications in bioimaging (see Scheme 1) . 10 The photophysical characteristics of these compounds are dominated by intramolecular charge-transfer (ICT) phenomena, providing large Stokes shifts and emissions that can be fine-tuned by electron-donor substitution and/or solvent effects. However, the most red-shifted emission of these fluorophores was still below 600 nm. The desire to force the emission further towards the red spectral region triggered our efforts to synthesize related organoboron fluorophores with an arylisoquinoline skeleton or related N-heterocyclic ligands (see Scheme 1).
Chart 1. Structures and general photophysical properties (in toluene) of arylisoquinoline-based organoboron chelates
Additional O-or N-electron-donor substituents were integrated in the expectation of achieving energetically lower lying emissive states. Thereby the above outlined strategies of electronic manipulations of the chromophore skeleton itself and its substitution pattern were synergistically combined. Interestingly, pronounced red shifts of the absorption and fluorescence spectra were obtained for some of the prepared dyes, while maintaining appreciable emission quantum yields of up to 0.2. The implication of ICT processes in the design of red-emitting fluorophores guarantees the desired large Stokes shifts, but unfortunately often leads to very low emission quantum yields. This is a direct consequence of the energy-gap law, favoring non-radiative deactivation of energetically low-lying emissive states, but may find also at least partial explanation in efficient intersystem crossing to close-lying triplet states. Having this in mind, the herein reported quantum yields are very significant.
Finally, the hydrophobic nature and structural shape of these fluorophores led to the prediction of a preferential accumulation in non-polar cell compartments such as vesicle substructures, 31 which indeed was verified by confocal fluorescence microscopy imaging.
RESULTS AND DISCUSSION
Synthesis of the Organoboron Dyes 11-17. The synthesis of the N,B,O-dyes 11-13 was carried out starting from the corresponding alcohols 1-3, by reaction with BPh 3 in anhydrous toluene at 90 C (Scheme 1). After heating overnight, the purification by conventional flash chromatography or precipitation afforded the dyes 11-13 in moderate to excellent yields (48-99%). A similar strategy was employed for the synthesis of the N,B,N-dyes 14-17, where the starting amines 7-10 were accessible by a Buchwald-Hartwig coupling reaction 32, 33 between the nonaflates 4-6 and the corresponding aniline. The dyes 14-17 were obtained in moderate to excellent yields of 39-94% (see Supporting Information for more details). The identity and purity of the dyes was established by 1 H, 13 C, and 11 B NMR spectroscopy, as well as high-resolution electrospray mass spectrometry. Photophysical Properties. The UV/vis absorption and fluorescence properties of toluene solutions of the herein prepared dyes are summarized in Table 1 and representative spectra are shown in Figure 1 . The absorption spectral properties show a clear dependence on the heterobiaryl skeleton (arylisoquinolines 11, 14; arylquinazolines 12, 15; arylphthalazines 13, 16) for both the N,B,O-and the N,B,N-dye series. In each series the arylquinazoline dyes show the most red-shifted long-wavelength absorption maximum. Furthermore, generally the N,B,N-dyes have more redshifted absorption (above 500 nm) and emission maxima than the N,B,O-dyes, extending to red emission color. The dyes show increased Stokes shifts, varying between 3400 and 5100 cm -1 . The fluorescence quantum yields follow clearly the energy-gap law in photochemistry: non-radiative deactivation pathways become more competitive for energetically lower lying emissive states. Hence, the fluorescence quantum yields drop for the N,B,N-dyes, although maintaining still quite appreciable levels considering that these dyes feature emission maxima above 600 nm, e.g., Φ fluo = 0.17 for dye 14. The introduction of additional electron-donor substitution (i.e., a methoxy group in dye 17) shifts the absorption and fluorescence maxima somewhat further to the red, but mainly lead to a very accentuated drop of the emission quantum yield, again a direct consequence of the energy-gap law. The fluorescence lifetimes were measured as being around 9.5 ns for the N,B,O-dyes and are more variable (0.25-6.31 ns) for the N,B,Ndyes. In order to obtain further insights into the nature of the observed fluorescence the solvent effect was studied for selected N,B,N-dyes. Note that the N,B,O-dyes show insufficient chemical stability in solvents such as tetrahydrofuran, N,Ndimethylformamide and sometimes in acetonitrile. The N,B,Ndyes show a hypsochromic shift (negative solvatochromism) on changing from non-polar toluene to polar acetonitrile, while the emission bands shift bathochromically (positive solvatochromism). As a result the Stokes shift is increased in acetonitrile. This effect is most accentuated for the dyes 15 and 16 for which notable Stokes shifts of 4500 cm -1 and 5100 cm -1 , respectively, were observed. However, expectedly this comes at the expense of a drastically reduced emission quantum yield for these two dyes, being lower than 0.01 in acetonitrile. In order to establish a more detailed trend a series of nine different solvents, addressing aspects such as polarity, hydrogen bonding character, and viscosity, was studied for dye 15 ( Figure 2 and detailed data in Supporting Information). Beside the abovementioned positive solvatochromism of the emission spectrum, the following general trends can be derived: The occurrence of ICT was confirmed by time-dependent density-functional theory calculations 37 (CAM-B3LYP/6-311+G(2d,p) level of theory) of 11, 14, 15, and 16 as representative dyes (see Supporting Information). The lowest-energy emission (S 1 →S 0 ) corresponds mainly to a LUMO→HOMO transition (contribution of 95-97%). The contour plots of the frontier orbitals show that the HOMO is mainly located on the naphthylderived "half" of the system, while the LUMO has its main contribution from the heteroaromatic moiety; see Figure 3 for the examples of dye 11 and 15. The natural transition orbital (NTO) analysis yielded the same conclusion of an effective ICT process on excitation of the dyes. This observation resembles similar results that were obtained for related borylated arylisoquinoline (BAI) dyes. 10, 38 Bioimaging Applications. The negligible fluorescence in protic media as contrasted by the significant fluorescence in nonpolar environments prompted us to investigate the use of the lipophilic organoboron N,N-chelates as probes for cellular lipid substructures such as vesicles. 31, 39, 40 For this purpose the dyes 15 and 16 were incubated with N13 mouse microglial cells. In a first approach viability studies were performed applying a flow cytometry method using simultaneous Hoechst 33342 and propidium iodide staining. 41 This yielded a cell viability rate of 83% following 24 hours of incubation for both dyes at a concentration of 10 M. These data were confirmed by high-throughput screening with automated microscopy using the same nuclear stains: 86% viability for 15 and 88% for 16 after 24 hours incubation. In Figure 4 images of N13 cells stained with dye 15, Hoechst 33342 as marker of the cell nucleus, and Atto488-conjugated Phalloidin as marker for submembrane actin are shown. For many organic fluorophores a homogeneous cytoplasmic accumulation is typical, while for our dyes just a very weak "cloud-like" fluorescence was evident. This is in accordance with the strongly deactivated fluorescence of the dye in polar (protic) media. However, a clear light-up behavior for the dye accumulation in some small intracellular substructures was observed. Having in mind the considerably higher fluorescence in non-polar environments, this is interpreted as the accumulation in vesicle-like substructures. Co-localization imaging ( Figure 5 ) demonstrated the specific accumulation of the investigated dyes 15 and 16 in structures that are also marked by the liphophilic styryl dye FM4-64. EXPERIMENTAL SECTION General Methods. 1 H NMR spectra were recorded at 400 or 500
MHz; 13 C NMR spectra were recorded at 100 or 125 MHz with the solvent peak used as the internal reference (7.26 and 77.0 ppm for 1 H and 13 C, respectively). 11 B NMR spectra were recorded with complete proton decoupling at 128 MHz using BF3·Et2O (0.00 ppm for 11 B-NMR) as an external standard. Column chromatography was performed on silica gel. Analytical TLC was performed on aluminium backed plates (1.5  5 cm) pre-coated (0.25 mm) with silica gel. Compounds were visualized by exposure to UV light or by dipping the plates in a solution of 5% (NH4)2Mo7O24⋅4H2O in 95% EtOH (w/v) or followed by heating.
Anhydrous 1,4-dioxane and THF were obtained by distillation from sodium using benzophenone as indicator. Pd(dba)2, BPh3, BINAP ligand, aniline, and p-anisidine were commercially available. The alcohols 1-2 and the nonaflate 4 were synthesized according to literature procedures and their NMR spectra were found to resemble the published data. [44] [45] [46] The solvents for the photophysical measurements were of spectroscopic quality and used as received.
Compound 3.
A flamed-dried Schlenk tube was charged with Pd(PPh3)4 (5 mol%) and 1-chlorophthalazine (9.11 mmol, 1.5 g), and after three cycles of vacuum-argon flushing, DME (18 mL) was added and reaction mixture was stirred for 30 min at room temperature. (2-Methoxynaphthalen-1-yl)boronic acid (1.2 eq.) and 11 mL of Na2CO3 (2M, aq.) were then sequentially added and the reaction mixture was refluxed overnight, then cooled to room temperature, quenched with H2O (10 mL), and extracted with CH2Cl2 (3  20 mL). The organic layer was dried over anhydrous MgSO4, filtered, concentrated, and the residue was purified by flash chromatography on silica gel (EtOAc/nhexane 2:1 Et3N 1%) to afford 1-(2-methoxynaphthalen-1-yl)phthalazine (1.62 g, 62%) as a light brown foam. BBr3 (1.2 eq.) was carefully added to a solution of 1-(2-methoxynaphthalen-1-yl)phthalazine (2.97 mmol, 850 mg) in anhydrous CH2Cl2 (12 mL) under argon. The reaction mixture was refluxed for 1 hour and stirred overnight at room temperature. The resulting mixture was cooled to 0 C, quenched with H2O, and the formed precipitated was vigorously stirred in a CH2Cl2/Na2CO3 (2M, aq.) mixture. The organic phase was separated and the aqueous layer was extracted with CH2Cl2. The combined organic layer was dried (MgSO4), filtered, concentrated, and the residue was purified by column chromatography on silica gel (CH2Cl2/MeOH 50:2 Et3N 1%) to afford 3 (646 mg, 80%) as a brown solid. 1 General Procedure for the Synthesis of nonaflates 5-6. Following a described procedure, 46 over a suspension of the corresponding alcohol (1.0 equiv) and K2CO3 (1.5 equiv) in acetonitrile (0.5 M), perfluorobutanesulfonyl fluoride (90%, 1.2 equiv) was added in one portion, and the resulting mixture was vigorously stirred for 24 h. After completion (TLC monitoring), the reaction mixture was filtered through a Celite pad, the solvent was removed in vacuum, and the residue was purified by flash column chromatography over silica gel.
Compound 5.
Following the general procedure starting from 2 (1.43 mmol, 390 mg), 47 
General Procedure for the Synthesis of 7-10.
A flamed-dried Schlenk tube was charged with the corresponding nonaflate 4-6 (0.2 mmol), Cs2CO3 (0.4 mmol, 130.2 mg), Pd(dba)2 (10 mol%, 11.6 mg) and BINAP (10 mol%, 12.4 mg). After three cycles of vacuum-argon flushing, deoxygenated dry toluene (4 mL) and the appropriate amine (0.4 mmol) were sequentially added in this order. The reaction mixture was stirred at 60C for 24 hours, then cooled down to room temperature, and filtered through a Celite pad. The solvent was removed under vacuum and the resulting residue was purified by column chromatography on silica gel.
Compound 7.
Following the general procedure starting from 4; purification by flash chromatography (CH2Cl2/EtOAc 50:110:1) gave 7 (55 mg, 80%) as a yellow foam. 1 General procedure for the synthesis of 11-17. A dried Schlenk tube was charged with the substrate 1-3 or 7-10 (0.1-0.2 mmol) and BPh3 (1 equiv.). After three cycles of vacuum-argon flushing 1 mL of dried-deoxygenated toluene was added. The reaction mixture was stirred at 90 C until reaching maximum consumption of the starting material (TLC monitoring), then cooled down to room temperature, and finally concentrated to dryness. The crude products were purified by column chromatography on silica gel (n-hexane/EtOAc, toluene/EtOAc or CH2Cl2/EtOAc mixtures as eluents) or by washing with n-hexane/EtOAc mixtures.
Compound 11.
Following the general procedure starting from 1 (0.1 mmol, 27 mg) and heating for 18 hours; flash chromatography on silica gel (n-hexane/EtOAc 1:3) gave 11 (43 mg 91 (m, 9H), 6.81-6.80 (m, 2H) Photophysical Measurements. The photophysical data were obtained for air-equilibrated solutions at room temperature. The UV/Vis-absorption spectra and the fluorescence spectra were recorded with standard instrumentation. The emission spectra were corrected for the sensitivity of the photomultiplier detector. The fluorescence quantum yields were determined with 4-amino-N-propyl-1,8-naphthalimide (Φfluo = 0.48 in acetonitrile) 31 or tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate (Φfluo = 0.028 in aerated water) 48 as reference and corrected for refractive index differences of the used solvents. The lifetime measurements were performed by means of time-correlated single-photon-counting with picosecond pulsed diode laser (λ = 442 nm, pulse width fwhm 78 ps, λ = 482 nm, pulse width fwhm 101 ps) as excitation sources. 
